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By constructing a basic gene unit encoding 
(GVGVP)io, it was possible to build concatemer genes 
with as many as 25 repeats of the monomer unit encod- 
ing a protein-based polymer with a molecular weight 
: of greater than 100,000 Da. This employed the use of 
terminal cloning adaptor oligonucleotides as chain 
: terminators to enhance the desired polymer gene size 
distribution. These genes have been expressed iiiEsch- 
eri chia coli La i^the;,productsiha^ 
the culture ly sates josing t a _ simple . centrjfugation 
method which relies upon the inverse temperature 
" " : " : v "transitional properlies "of These elastomeric protein- 
' irHrasetfTjo^ the polymers are soluble; on 

praising the temperature above 26°C, the onset temper- 
. ature (TJ for the (GVGVP>25i inverse temperature tran- 
; . sition, the polymer separates out as the more dense 
: phase. Upon shifting the temperature between 4 and 
37°C, the recombinant elastomeric protein-based poly- 
mers undergo reversible phase transitions from solu- 
ble (4°C) to insoluble (37°C) allowing their separation 
• : from other cellular components by several cycles of 
■ centrifugations at alternate transitional states. Addi- 
tional centrifugation, at a temperature just below T tt 
/:\ allows for dramatic lowering of endotoxin levels. Fur- 
thermore, many ways of varying the value of T u sucIT 



i ^ add ing, salt _to lower XV or changing the, degree of 
ionization in polymers with functional side chains, can 
s be used toachieve purification of more complex poly- 

I mers. C 1996 Academic Press, Inc. \^ 



fWS The synthesis of peptide-based polymers, with differ- 
;; ; : ent biophysical properties resulting from variations in 
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sequences, can provide polymers that contribute to an 
understanding of the parameters that guide protein 
folding and function and can provide materials with a 
wide range of applications. A primary advantage of us- 
ing peptide-based polymers for these purposes is the 
ability to study a model protein with a relatively simple 
composition and then to build steadily on the knowl- 
edge gained from the preparation and characterization 
of polymers with systematic and ever more complex 

-variations. One element of our work in this area has 

^utilized the chemical synthesis and characterization of 
polypeptides of the structure polyt/^GVGaP^^GX- 

-GarP)], where f Y and f x are mole fractions with f v + /" x 
= 1, where X is any of the naturally occurring amino 
acid residues, and where a is V, I, or F (1-4). Another 
element of our work has involved the chemical synthe- 
sis of fixed sequence polypentadecapeptides and poly- 
tricosapeptides for physical characterization and for 
the development of principles of protein folding and 
function in energy conversion (5-8) and in applica- 
tions, for example, such as drug delivery vehicles (9). 
Accordingly, chemical syntheses have been particularly 
useful for generating moderate amounts of the above 
model proteins in a timely fashion in order to survey 
ranges of properties and applications. 
However, chemical synthesis as a practical method 

"Has been pushed to its limit as the required amount 
and complexity of the polymers continues to increase. 
For this reason and in the long run to reduce cost, we 
have increasingly utilized a genetic engineering ap- 
proach to achieve the synthesis of these substances. 
This biosynthetic approach offers the potential for long 
polymers of defined length without the racemization 
and impurity problems that plague chemical synthesis 
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and with various functional residues placed in the se- 
quence with the desired structural relationship main- 
tained throughout the polymer (10). Once a gene is 
constructed, biosynthesis does not require a complex, 
multistep synthesis with difficult quality control for 
each batch that is produced, and it promises an econ- 
omy of scale that is currently unobtainable by means 
of chemical synthesis. 

Others have reported the construction and expres- 
sion of genes encoding tandem repeating peptides in 
Escherichia coli (11-15). Our own efforts at the biosyn- 
thetic route to produce high molecular weight peptide- 
based polymers have focused initially upon the synthe- 
sis and expression of genes encoding poly(GVGVP) 
elastomers. We ha ve previousl y demonstrated the bio- 
synthesis of (GVPGV) 20 (16) in E. coli as a fusion to 
gJut^ixraB^ 

purifiecf by chromatography based on the affinity of the 
gst moiety for glutathione attached to a solid support 
(17). The gene was constructed using a modular ap- 
proach whereby a DNA sequence encoding 10 repeats 
of the pentamer, (GVPGV) 10 , was first synthesized and 1 — . 
cloned as an in- frame addendum to the_ gst gene. Fol- 
^ lowing"tKis, another copy of the 10-mer gene was cloned 
behind the first as a tandem repeat to create the 20- 
mer gene fused to the gst gene. This modular approach 
alloweH demonstration"^ the"capacity to construct, ex- 
press, and have stably maintained a gene encoding 
multiple repeats of the pentamer in E. coli. Subse- 
quently, a concatemeric route has been pursued to 
achieve the synthesis of elastomeric peptide-based 
polymer genes encoding poly(GVGVP) resulting in 
genes with 41, 121, 141, and 251 repeats of the pen- 
tamer sequence. This has involved the construction of 
a basic gene unit (catemer) encoding 10 repeats of the 
GVGVP peptide which could be enzymatically self-li- 
gated through nonpalindromic single-stranded exten- 
sions to produce multiple tandem repeats of the basic 
gene. In addition, double-stranded synthetic oligonu- 
cleotides are added to the concatenation ligation reac- 
tions not only to provide the terminal restriction endo- 
nuclease recognition sites required for cloning the con- 
catemer genes, but also as "chain terminators" to 
enhance the amount of polymer product in a desired 
size range. 

The above poly(GVGVP) genes have been expressed 
to high levels in E. coli using a T7 promoter expression 
system (18) and, as shown here, are easily purified from 
the cellular lysate to a high degree of purity by a simple 
centrifugation procedure. This is made possible due to 
the particular inverse temperature transition behavior 
of these elastomeric polypeptides (1,19) which causes 
them to undergo a reversible phase transition from sol- 
uble to insoluble upon increasing the temperature or 
upon variously lowering the transition temperature 
from above to below the operating temperature. The 



expressed recombinant GVGVP polymers are soluble l 
in the cellular lysate at low temperatures at which 
point the normally insoluble constituents can be re- 
moved by centrifugation. Then, upon raising the tem- \ 
perature to, for instance, 37°C the protein-based poly. I 
mer comes out of solution to form a highly visible aggre- 1 
gate which can also be removed from the remaining ■ 
soluble constituents by centrifugation. Several repeats 
of this cycle following solubilization of the model pro- 
tein in cold solution results in an extremely high degree 
of purification as seen by sodium dodecyl sulfate-poly- 
acrylamide gel electrophoresis (SDS-PAGE) and nu- 
clear magnetic resonance (NMR) analyses. Further- 
more, temperature-dependent aggregation can also be 
used to decrease the protein-based polymer pyrogenic- 
ity due to the presence of E. coli cell wall fragments. In 
particular, additional centrifugation at a temperature 
just below the T t value for the protein-based polymer 
becomes an important step in critically lowering the 
endotoxin levels toward those required for medical ap- 
plications. 

MATERIALS AND METHODS 

Gene Constructions and Cloning 

PCR (20) was performed using Taq DNA polymerase 
purchased from Life Technologies, Inc. (LTI; Gaithers- 
burg, MD) and synthetic oligonucleotides from Oligos, 
Etc. (Wilsonville, OR). The 5' oligonucleotide (oligo) 
had the sequence CTGATCGAAGGATCCAGGCGT- 
TGGTGTA and the 3' oligonucleotide (reading from the 
5' to the 3' end) had the sequence GTCAGTCAGTCA- 
GGATCCAACGCCTGGAACACCTACA. Cloning and 
molecular biology techniques were performed using 
standard procedures (21); enzymes BamlU, Ncol f T4 
DNA ligase, and T4 kinase were from LTI and PflMl 
was from New England Biolabs (Beverly, MA). Plasmid 
pUCll8 was from United States Biochemicals (USB; 
Cleveland, OH) and was used for initial gene cloning 
before subcloning into the expression plasmid pET-lld 
from Novagen, Inc. (Madison, WI). DNA sequencing 
was performed using the universal primer and Seque- 
nase kit from USB. E. coli strain DH5aF' (lacZAM15, 
recAl) from LTI was used as the host for gene clonings, 
and strain GM2969 (dcm6, recA56), the kind gift of Dr. 
M. G. Marinus (U. Mass., Worcester, MA), was used to 
prepare plasmid with nonmethylated PflMl sites for 
isolation of the catemer gene fragments. The PflMl 
gene fragments were isolated by electroelution follow- 
ing electrophoresis through a 6% polyacrylamide gel. 
The adaptor oligos were purchased from Cruachera 
(Dulles, VA) and had the sequences shown in Pig. IB. 
The concatenation ligation reactions were performed 
in duplicate with the catemer gene at a concentration 
of 1.0 fiM and with the 5' adaptor oligos in one reaction 
and the 3' adaptors in the other, each at a concentra- 
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soluhl ^^^^ of 0 135 /xM. The ligations were allowed to proceed NMR Characterization of Purified Poly(GVGVP)s 

* which/M© h at 23-C after which time the two reactions were The ^ ^ & 

n be i p&ed and continued for another 2 5 h The ligation at 4Q0 MHz 0Q a Bnjker trometer 

Aetemj Si&cts were size fractionated by electrophoresis equipped with an Aspect 3000 computer for data work 

ed poly. aS&rough a 1% agarose gel and extracted by either elec- The , e wajj m lsulfoxide ^ 

e aggrl gg^elution or GeneClean (BIO 101, Inc., Vista, CA). (DM SO) and the 2.5 ppm chemical shift was used as 

maining J|||£ . the reference. The temperature of the sample was 24°C; 

repeats WEtfotein Expression and Purification the 90° pulse width was 7.9 /zS, and the spectra resulted 

•del pro. , A j * - DTOimpo v from 32 pulses. Sample preparation utilized the centrif- 

degree III** coli hosts x^djor expression we re BL2KDE3) tion8 „ degcribed ^ foUowed by ^ ysiB 

*-poly. fl^or HMS174(DE3) (recAl) both from Novagen Inc. ^ deiomzed/distil]ed> low conductivity water, ly- 

and nu- IIP Cultures were grown at 37°C in LB ^medium (21) con- and ^ 8aolution in DMS0 . 
Turther- lilting 100 Mg^l ampicillin. Cell density was mom- 

oi 0 « u ^ zi~*„A usine a Klett— Summerson colorimeter with a red 

rS liSTScV. Gene expression was induced by the addi- ™™™ *»> DKCUSSION 

ients In ss&^Jion of IPTG to 0.4 mM at a cell density of 90 klett units Construction of the Catemer (GVGVP) 10 Gene 

•erature If ;i and cells were harvested by centrifugation following 3 A g<Jne comprisin ^ the unit ^mer (Fig. 1A) and 

polymer gp* of continued growth. Cells were resuspended in water encoding (G VGVP) 10 with BamHI and PflMl sites at 

ing the .1W lysed by sonic dismption^ Insoluble debris was re- both termini ((JVOVPWBP, was constructed by PCR 

heal ap- illiboved by centnfugafaon at 10,000* at 4 C for 20 mm. a lification utiUzin a8 the te late a (G vGVP) 10 

tlfiAn equal volume of 2x TN buffer (100 mM Tns-HCl that exists as a S fus ion togstin pGEX-3X (Phar- 

liilf IpH 8.0, 1.0 N NaCl) was then added to the cleared mada) The fuaion had been con . 

m^na** and it was warmed to 37 C m a warm water 8tmcted by pCR ( blished) utilizin fmalher t 

i?; : foth to induce formation of the recombinant protein (aAm construct> Epp _ 2 (16) as ^ template resulting 

|i ; aggregate. The protein was then recovered by centnfu- m ^ conversion of gstjGVPGV^o to gst-(GVGVP) 10 . 

unerase g^gation at approximately l,500g at 37 C and was resus- Th(J (GV GVP) 10 -BP ^CFir^durt was digested with 

aithers- g£ ; pended and dissolved in cold water. Typically, the pro- SflmHI and inserted into ucn8 resulti in lasmid 

Oligos, | : !>:::cess of cold and warm centafugation was repeated two pUC _ (GV GVP) 10 . Positive clones were verified by DNA 

i (oligo) more times with 2x TN added prior to the warm spin. nce ^ 
K3CGT- Qualitative analysis of the product was performed by 

romthe rfirSDS-PAGE (22) followed by staining with 0.3 m CuC1 2 Construction ofthe Concatemer ^ 

iGTCA- :i: : I:!:.:!i(23). Staining with copper creates a negative image by w mr v; w^wum 

ug and ^'^"exclusion ofthe stain from the gel by the protein. Fur- Restriction endonuclease PflMI recognizes the inter- 

i using Slather purification by centrifugation, to remove endotox- rupted palindrome CCANNNN'NTGG and cleaves at 

fcol T4 ins arising from cell membrane fragments, utilized a the position designated by the apostrophe to leave 3- 

d PflMl ? T temperature immediately below the onset tempera- base 3' single-stranded extensions. These ends are not 

3 lasmid tore, T u ofthe inverse temperature transition. The pro- selfcomplementary like those generated by cleavage at, 

3 (USB- t:| : :tein is stored either in water at 4°C or dry at room for instance, a 6-base palindromic restriction endonu- 

cloning [ i temperature following lyophilization. clease recognition site. Therefore, preparation of the 

ET-lld : basic gene units by digestion with an enzyme like PflMI 

waiting g Determination ofTt and Temperature-Induced results in fragments ttut upon selfligation, can only 

Seque- T 7^ p files to Assess Purity g0 ^S 6 *^^ m a head-to-tail fashion, thereby main- 

'AM15 ^ • ^^ re ^ a 1071 " taining the correct reading polarity for subsequent 

onings' : t ^p ftcafaM:& -P^^^fo La in^e^ at ^ £P ve translation. A group of restriction enzymes that should 

ft of Dr! Sjrise to the T t values, were determined using an AVIV- be of more general utility to generate gene fragments 

used to updated Cary Model 14 spectrophotometer. The wave- for concatenation are those that cleave outside of their 

ites for H ■ length was held at , 300 nm; t he turbidity was deter- recognition site since these sites could be placed flank- 

j PflMl fei mined as the temperature was raised at a rate of 3 0°C ing the catemer gene sequences. 

follow- ti ; ; <Rerhour, and the sample resided within.ajJOO Hz vibra- The PflMl recognition site is blocked from cutting 

ide gel. ' toriiT5g eFttr At low temperature, when methylated by DNA cytosine methylase (Dcm); 

lachem ^ iTHerels^Sro^Gorbance'or turbidity, and, as the tern- therefore, it was necessary to grow pUC^GVGVP)^ in 

?ig IB. il^-perature is raised, for pure samples there occurs an the dcm strain GM2969 for the purpose of preparing 

formed Ui?' abrupt increase in turbidity identifying the onset of large amounts of the PflMI catemer gene fragment, 

itration i:' * the inverse temperature transition. The value of T t is After purifying substantial amounts of the P/ZMI gene 

eaction • i defined as the temperature at which 50% turbidity oc- fragment, a series of ligation reactions was performed 

centra- incurs. with increasing amounts of the gene fragment to deter- 
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gly val gly val pro (GVGVP ) 8 gly val gly val pro 



CGGGaT CCA GGC GTT GGT 

CC CCTAGGT CCG CAA CCA 

Banal P/lMl 



-GTT CCA GGC GTT GG ATCCCG 
-CAA GGT CCG CAA CCTAGGG C 



pfxta 



B 



((WGVP) 10 ) E 



CT GGATCCA GA CC ATG G GC G TT 
GACCTAGGTCTGG TAC C CG CAA 



Bmb&X 



Wool 



gly val gly val pro atop 

GGC G TT GGT GTA CCG T£AG&TGAATTC££AX&A& 

C CG CAA CCA CAT GGC ATTCGA2&EX&&SCCTAGGTC 

Blnd3 RcoKL BsaBX 



FIG. 1. (A) A representation of the (GVGVP) I0 -BP gene fragment as it was PCR amplified to provide the terminal BamUl and Pfim sites 
required for initial cloning and subsequent concatenation. The gene was cloned into the BamVl site of pUC118, sequenced, and then excised 
with Pfim for concatenation. (B) The ligation concatenation reactions were performed in the presence of 5' and 3' adaptor ohgos which 
served to terminate the growing gene polymers and provide restriction endonuclease sites required for subsequent cloning. 
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mine the concentration required to produce adequate 
amounts of linear concatemers of lengths that would 
fail to separate (i.e., run the slowest) by electrophoresis 
on a 1% agarose gel. That concentration was deter- 
mined to be 1.0 pmol///l for the (GVGVP) 10 gene. A high 
concentration of ligatable ends favors the formation of 
linear concatemers, whereas a low concentration favors 
the formation of circular molecules. 

The adaptor oligos (Fig. IB) were to provide the ter- 
minal restriction sites required for cloning the concate- 
mer genes into pUC118, but they also were to serve as 
terminators of multimerization in the concatenation 
ligation reaction. Therefore, we determined the amount 
of adaptor oligonucleotide required to interfere with 
the concatenation to give a higher yield of product in 
the desired size range, in this case approximately 15 
gene repeats. Another set of ligations was performed 
with the PflMl gene fragment at a concentration of 1.0 
pmol/^l while adding increasing amounts of the adap- 
tor oligos. These reactions were then subjected to agar- 
ose gel electrophoresis to determine the amount and 
lengths of the resulting gene polymers. Consequently, 
the final concatenation reactions were performed in du- 
plicate with one set each of the adapter oligos per reac- 
tion at a concentration of 0.135 pmol//il, allowed to pro- 
ceed for 1 h before combining the two reactions, and 
continuing the reaction for another 2.5 h. Performing 
the reactions initially with each set of oligos separately 
and then mixing the two had the intent of allowing the 
adaptors to anneal to their gene fragment complement 
without the competitive annealing of one to the other. 
Of course, this could have been done just as easily by 
sequentially adding the adaptors to the same reaction 
mixture. Attachment of the 3' adaptor oligo to the con- 
catenated (GVGVP)io genes provides an additional 



GVGVP sequence resulting in a net repeat of the pen- 
tamer equal to lO/i + 1. Following ligation of the frac- 
tionated and SamHI-digested concatenation products 
with pUC118, clones were recovered representing 4, 
12, 14, and 25 repeats of the gene and equal to 41, 121, 
141, and 251 repeats of the GVGVP pentamer. The 
concatemer genes were accurately sized by agarose gel 
electrophoresis of the itomHI-digested clones adjacent 
to a sample of the concatenation ligation ladder. 

Purification Based upon Temperature-Induced 
Aggregation, T t 

The genes were subcloned as Ncol-BamHl frag- 
ments into the expression vector pET-lld resulting in 
placement of the initiator codon at the immediate 5' 
end of the genes. The plasmids, pET-(GVGVP) n , where 
n = 41, 121, 141, and 251, were expressed in strains 
BL2KDE3) and/or HMS174(DE3). The recombinant 
proteins were purified from the cellular lysate as de- 
scribed under Materials and Methods using a simple 
procedure that relies upon their inverse temperature 
transition property. High molecular weight polymers 
of GVGVP are soluble in low ionic solutions at tempera- 
tures below 25°C and begin to come out of solution at 
temperatures above 25°C. At the lower temperatures 
the polymers exist as more extended molecules which, 
on raising the temperature above the transition range, 
hydrophobically fold int o dynamic structures called fi- 
spirals that further aggregate byjhydrophobic associa- 
tion to formT^sted filaments (19,24). 

This aggregational process is highly reversible and 
is easily visualized with a sample of the above cellular 
lysates. Removing a small tube containing the clear 
lysate from an ice bucket and holding it for a few min- 
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; ; flG. 2. A copper stained SDS-polyacrylamide gel with samples 
i taken from expression through purification of (GVGVP)i 4 i . Lane 1, 
molecular weight marker; 2, preinduction whole cell lysate; 3, 3- 
• h postinduction whole cell lysate; 4, cold-spin pellet; 5, warm-spin 
. iiupernatant; 6, warm-spin pellet; 7, third warm-spin pellet. Pre- 
and postinduction samples were loaded at 4 klett-ml per lane and 
subsequent samples were normalized to this amount. 



ie pen- f 

le frac- V'Z i* tes * n one ' s hand causes the appearance of an opaque 

-oducts ^- aggregate; reinserting the tube into the ice causes an 
ting 4, almost immediate clearing. Exploiting this characteris- 

1, 121* : tic allowed the purification of these proteins by a proce- 
ss The 1: 2 dare involving selective centrifugation. First the cellu- 
ose gel II S l ar lysate was centrifuged at a low temperature (4°C) to 
liacent ^ ? - remove insolubles and cellular debris. Then the cleared 
r. 13 lysate was warmed to 37°C to effect the poly(GVGVP) 
phase transition and aggregation which was also then 
li : removed from the soluble component by centrifugation. 
:XC\ The recovered polymer protein was then resuspended 
^ and solubilized at the low temperature. This single 
I frag- K*: -round of cold and warm centrifugation achieves a re- 
ting in |^|;;.'"markable degree of purification, although the process 
iate 5' } V:-; was typically repeated two more times. Figure 2 shows 

where fe$v.*an SDS-polyacrylamide gel with samples taken from 

strains l;f:: the expression through the purification steps for the 

binant ^r<(GVGVP) M i. As one might expect, expression of the 

as de- f W polymer proteins at 37°C should result in their subse- 
simple |JS- : : Quent aggregation in vivo, and in fact, visualization of 
rature . postinduction cells under the light microscope rev eals 
lymers l : : ?. .the presence of refractile inclusion bodies. However, 1 
:npera- { ■ !: i the intracellular aggregate is apparently dissolved Coi- 
tion at ; -/ lowing sonic disruption of the cells at 4°C. J 
•atures H Figure 3 shows the final purification products from 
which, I lab-scale fermentations for the 41, 121, 141, and 251 
range! Iff repeats of (GVGVP). We have routinely used copper 
lied 0- staining of SDS-PAGE gels to visualize these proteins 
ssocia- because they stain so poorly by Coomassie blue or sil- 
k§\: ver. This characteristic also makes them difficult to 
de and IS: ouantitate by the more commonly used stain binding 
ellular Wi protocols. When staining the gels with copper chloride, 
3 clear v ; we frequently observe the poly(GVGVP) proteins as an 
w min- (: ■!!: opaque white band on the gel; in particular, the 41 mer 



almost always appears this way as, for example, is seen 
in Fig. 3. Notice also that the 41 mer runs with an 
apparent molecular weight larger than the calculated 
molecular weight. The gene DNA fragment, however, 
sizes against the ligation ladder and other molecular 
weight markers as a 41 mer. 

The 400 MHz proton nuclear magnetic resonance 
spectrum for (GVGVP) 25 i is given in Fig. 4 and com- 
pared to that of the chemically synthesized po- 
ly(GVGVP). As noted in Fig. 4, the T t for (GVGVPW 
is just slightly lower than that of poly( GVGVP), sug- 
gesting that the latter is of a slightly higher molecular 
weight as confirmed by SDS-PAGE analysis. The two 
spectra are virtually identical. The very small peaks 
near 3.5, 4.5, and 7.7 ppm in both spectra are due to 
an approximate 5% of the cis isomer at the Val-Pro 
bond. It is abundantly clear that (GVGVP^i has been 
prepared and purified to a high level. Similar NMR 
data have been obtained verifying the other lower mo- 
lecular weight gene products, with the interesting fea- 
ture that the spectrum for (GVGVP) 4 i exhibited an ad- 
ditional Val 7CH3 resonance which was less than 1.5% 
(a best estimate of 1.2%) of the primary Val 7CII3 peak. 
This is reasonably interpreted as an end effect due to 
one of the 82 Val residues, and it is consistent with an 
n of 41. 

When using a 500-liter fermentation, the same proce- 
dure, as described above for centrifugation at 4°C and 
then at 37°C, resulted in the temperature profile for 
aggregation of Fig. 5 with the shoulder between 20 and 
25°C. This demonstrates the sensitivity of the profile 
to the presence of impurities. If centrifugation is then 
carried out at 23°C, the precipitate removed, and the 
temperature profile for aggregation again determined, 




FIG. 3. A copper stained SDS-polyacrylamide gel showing purified 
GVGVP peptide polymers after three cycles of cold and warm centrif- 
ugations. The polymers with their calculated molecular weights 
given in parenthesis are: lane 1, molecular weight markers; 2, 41 
mer (16,787); 3, 121 mer (49,507); 4, 141 mer (57,687); and 5, 251 
mer (102,677). The 41 mer runs with an apparent molecular weight 
larger than that calculated (see text). 
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the shoulder is seen to be cleanly removed. Determina- 
tion of the endotoxin level before the 23°C centrifuga- 
tion by means of the Pyrotell Limulus Amebocyte Ly- 
sate (LAL) test resulted in values of the order of 5000 
EU(endotoxin units)/ml using 1 mg of (GVGVP).*! per 
ml. After centrifugation, the endotoxin level fell to 
about 200 EU/ml. In terms of mass, 1 EU represents 
an approximate weight of 0.1 ng of endotoxin. Thus, 
the level of impurity which appears to be detectable by 
the turbidity approach would be about 0.5 /xg/mg and 
the centrifugation at a temperature just below T t re- 
duces that to 20 ng/mg. This reduction then makes 
it possible to proceed with relative case to the more 
complete removal of endotoxins. 

In conclusion, we have constructed genes encoding 
the elastomeric polymer protein poly(GVGVP), the lon- 
gest of which is 3,765 base pairs in length, encoding 
1,255 amino acids and representing 251 repeats of the 
pentamer with a molecular weight of 102,677 Da. This 
gene appears to express to relatively high levels in E. 
coli; for instance, a 12-liter fermentation provided 755 
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FIG. 4. Proton nuclear magnetic resonance spectra at 400 MHz of 
the microbially prepared (GVGVP^i and of the chemically synthe- 
sized poly(GVGVP). The resonances are all assigned and the spectra 
show the identity of the molecular structure. Also noted are the 
values of T t which indicate that the polymers are of similar molecular 
weights with that of the chemically synthesized polymer being 
slightly larger. 
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FIG. 5. Temperature profiles of aggregation for (GVGVP^ before 
centrifugation at 23°C, that is, at a temperature just below the onset 
temperature of the inverse temperature transition. Before the 23°C 
centrifugation, there is a shoulder indicative of an impurity that is 
removed by centrifugation at 23°C. As discussed in the text, the 
shoulder is due to endotoxin-containing membrane fragments, and 
their removal constitutes a significant reduction of endotoxin levels 
toward those necessary for use in medical devices. 



mg (dry weight) of the 251 mer from 72 g (wet weight) 
of the cells. Also, analysis of the gel in Fig. 2, using a 
Fotodyne Foto/Analyst digital imaging system, indi- 
cates bench-level expression of the 41 mer at approxi- 
mately 5-8.5% of total cellular protein. We are cur- 
rently preparing large amounts of the polymer proteins 
for continued biophysical studies; for instance, having 
polymers of defined length will allow an analysis of the 
chain length effect on the inverse temperature transi- 
tion that could not be done with discrete accuracy using 
chemically synthesized product. The ease with which 
these proteins can be purified using the centrifugation 
procedure described herein should greatly facilitate the 
utilization of these protein-based polymers. In addi- 
tion, some twenty additional genes encoding more com- 
plex variations of this basic pentamer repeat have now 
been constructed. 
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